V 2 O 5 is deemed as one of the most promising cathode materials for next generation high capacity LIBs. It possesses a theoretical capacity of 294 mAh g -1 that is much higher than conventional cathodes. However, there are many issues to be solved before its practical use, including poor cycle life and unsatisfactory rate performance, mainly due to its low electronic conductivity and ionic diffusivity, as well as structural instability. This work reports three types of V 2 O 5 asymmetric membranes synthesized using an adapted reverse osmosis membrane technology combined with sol-gel chemistry, aiming to stabilize the cyclability and improve the rate performance. 
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Introduction
Lithium ion batteries (LIBs) have broad applications in mobile electronics, electric vehicles and large scale static energy storage. The conventional LIB cathode materials generally have capacities below 200 mAh g -1 , which are much lower than that of graphite anode (372 mAh g -1 ). [1, 2] Thereby it is highly important to explore alternative cathode materials that have comparable capacities as graphite to further improve the overall energy density of LIBs. V 2 O 5 as one of the most promising high capacity cathode materials for LIB possesses a theoretical capacity of 294 mAh g -1 when two lithium ions are intercalated into one V 2 O 5 unit. [3, 4] However, the cycle life and rate performance of V 2 O 5 cathode is not satisfactory because of its low electronic conductivity and ionic diffusivity, as well as structural instability. [1, 5] Recently, nanostructured V 2 O 5 materials have been investigated to circumvent these problems, including nanowires (NWs), nanobelts (NBs) and nanoparticles (NPs), which enable shorter electron transport and ion diffusion lengths, and thus overcomes its poor conductivity and diffusivity. [6] [7] [8] [9] [10] [11] [12] [13] [14] Reverse osmosis membranes prepared using a phase inversion method are characteristic of a nanoporous skin layer and a macroporous bottom layer. Such a unique porous structure can provide free volume for electrode to expand and prohibit fractured active materials from being leaked out into electrolyte, thus benefiting structure integrity and long cycle life. Recently, this membrane technology has been reinvigorated by our laboratory to enhance the cyclability of high capacity LIB anodes that suffer from large volume changes. [17, 18] In this report, the reverse osmosis membrane technology has been adapted to increase the stability of V 2 O 5 LIB cathode.
Two types of V 2 O 5 asymmetric membranes have been prepared using a phase inversion method combined with sol-gel chemistry. As-prepared membranes containing polymers are treated at high temperatures to make them electrically conductive. These membranes are systematically characterized by using scanning electron microscope (SEM), high resolution electron microscope (HRTEM), energy dispersive spectroscopy (EDS), Raman spectroscopy, power X-ray diffractometer (PXRD), thermogravimetric analyzer (TGA), surface area analyzer (BET method) and X-ray photoelectron spectroscopy (XPS). The membranes are also evaluated as LIB cathodes that demonstrate a high capacity of 160 mhA g -1 at C/2 with ~100% capacity retention after 380 cycles. The effects of treatment temperatures and conductive additives on their electrochemical properties are also investigated herein. min., Alfa Aesar) were used as a reference in Raman, PXRD, XPS and TGA analysis. 
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Results and Discussion
Fabrication of V 2 O 5 asymmetric membranes
V 2 O 5 asymmetric membranes were prepared using an adapted phase inversion method that has been utilized to fabricate polymeric asymmetric membranes on a large scale for water desalination and purification. [19, 20] CB or GH powders were added to increase the electrical conductivity and support the membrane backbone during the following carbonization. The transmission electron microscope images of CB and GH are shown in S1. In the phase inversion process, the thin film consisting of NMP, PS, VOTEO and CB (or GH) was immersed into water (non-solvent) to generate two phases, polymer rich and polymer lean phases, resulting in the spontaneous formation of asymmetric porous structure. As-formed inorganic/polymeric membranes were then carbonized to make the membrane conductive. The carbonized membranes were annealed in air at various temperatures to obtain V 2 O 5 asymmetric membranes. It is notable that the membrane annealed at higher temperature in air is more fragile than the one annealed at lower temperature, because more carbon material is lost during the higher temperature anneal. Figure 1a illustrates the overall membrane fabrication process. Noteworthy this method is highly scalable as evident by a piece of 6 in × 2 in membrane shown in Figure 1b . Cross-sectional SEM image reveals the membrane contains nanopores on its top surface and macropores underneath the nanopores (Figure 1c) .
Characterization of V 2 O 5 asymmetric membranes
SEM images of V 2 O 5 asymmetric membranes after being annealed in air clearly
show that the top layer is nanoporous, whereas the bottom layer is macroporous.
The thickness of V 2 O 5 asymmetric membrane is about 140 µm when annealed at 300 o C for 1.5 hr in air, and it is reduced to 120 µm when annealed at higher temperature 400 o C albeit shorter annealing period, 5 min (Figure 2) . The reduced thickness is ascribed to higher shrinkage induced by more carbon removal at higher oxidation temperature, which is also confirmed by our TGA analysis. In comparison, V 2 O 5 EO-300 GH membrane is much thinner than other two types of membranes (~70 µm). It may be due to the strong π-π interactions between graphene sheets, leading to a denser packing. SEM image in S2
confirms that the reference sample consists of micron size particles. As revealed by the HRTEM images in The XPS spectra of V 2p are shown in Figure 5 . The peaks centered at 517.2 and 524.7 eV are ascribed to V 5+ 2p 3/2 and V 5+ 2p 1/2 , respectively. [24] The weak shoulder peaks around 516 eV may be generated by trace amount of V 4+ that were produced during the carbonization process and not able to be fully oxidized into V 5+ during the following annealing in air. [25] It is also possible that V 5+ can be slowly reduced into V 4+ by the X-ray beam during XPS measurements as reported by Pinna et al. [26] Noteworthy, V 4+ was not able to be detected by HRTEM, PXRD and Raman in our study, due probably to its low concentration.
The content of active materials vanadium pentoxide in these carbonized asymmetric membranes was determined using thermogravimetric (TGA) analysis ( Figure 6 ). 
3.3.Electrochemical properties of V 2 O 5 asymmetric membranes as LIB cathodes
Electrochemical performance of V 2 O 5 cathodes is shown in Figure 7 . All three membrane cathodes demonstrate excellent rate performance, which can be attributed to the high surface area, nanoporous structure and conductive carbon coating on V 2 O 5 nanoparticles. These cathodes delivered a capacity close or above 200 mAh g -1 at 20 mA g -1 , which is much higher than conventional ones. [1] Although the initial capacity of V 2 O 5 EO-400 CB cathode is highest (174 mAh g -1 at 100 mA g -1 ) as shown in Figure 7b mainly due to its high surface area, [28] the capacity fades more rapidly as compared to other two membranes, i.e., 7 % decrease after 120 cycles at 100 mA g -1 (Figure 7b) . However, such cyclablity is still excellent in comparison with traditional 
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content (γ/δ). [4] By strictly controlling the size and size distribution, the multiple broad peaks related to the γ/δ phase transition with variable intercalation resistances could be converted into a single sharp peak.
EIS spectra of V 2 O 5 EO-300 CB and V 2 O 5 EO-300 GH cathodes are shown in Figure   9 . It can be clearly seen that the charge transfer resistance was significantly changed for V 2 O 5 EO-300 CB after the cycling test, implying that there was a dramatic electrode evolution during the cycling. In addition, the ohmic resistance increased after cycles for V 2 O 5 EO-300 CB, probably due to the partial electrode detachment from the current collector after repeated cycles. In comparison, the EIS spectra of V 2 O 5 EO-300 GH are very similar to each other before and after the cycling test. This fact supports that the electrode is integral and SEI layer is highly stable during the repeated lithiation/delithiation. It should be pointed out that the dissolution of vanadium has been previously observed especially at higher discharge rates, which can lead to rapid capacity loss and increased cell resistance. [4, 34, 35] The dissolution can be significantly relieved by using moderate discharge rates and adopting advantageous morphology. [3, 9, 10, 15] The improved cyclability from V 2 O 5 EO-300 GH suggests that the V leaching could be more reduced as compared to V 2 O 5 EO-300CB electrode.
Conclusions
Three types of V 2 O 5 asymmetric membranes are fabricated using an adapted phase inversion method combined with sol-gel chemistry. The three-dimensional nanoporous structure and carbon coating can dramatically improve the electrochemical performance of V 2 O 5 -based cathodes. The annealing temperature and choice of conductive additives also have a significant impact on the cycling performance.
High-temperature annealing can shorten the cycling life due to the large loss of conductive additive at elevated temperatures. The addition of GH benefits electrode stability and also affects the morphology of V 2 O 5 nanoparticles. The nearly 100% capacity retention after 380 cycles, straightforward fabrication process and excellent rate performance make this method outstanding from other approaches in literature.
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